Impaired glucose tolerance (IGT) is associated with defects in both insulin secretion and action and carries a high risk for conversion to non-insulin-dependent diabetes mellitus (NIDDM). Troglitazone, an insulin sensitizing agent, reduces glucose concentrations in subjects with NIDDM and IGT but is not known to affect insulin secretion. We sought to determine the role of ␤ cell function in mediating improved glucose tolerance. Obese subjects with IGT received 12 wk of either 400 mg daily of troglitazone ( n ϭ 14) or placebo ( n ϭ 7) in a randomized, double-blind design. Study measures at baseline and after treatment were glucose and insulin responses to a 75-g oral glucose tolerance test, insulin sensitivity index (S I ) assessed by a frequently sampled intravenous glucose tolerance test, insulin secretion rates during a graded glucose infusion, and ␤ cell glucose-sensing ability during an oscillatory glucose infusion. Troglitazone reduced integrated glucose and insulin responses to oral glucose by 10% ( P ϭ 0.03) and 39% ( P ϭ 0.003), respectively. S I increased from 1.3 Ϯ 0.3 to 2.6 Ϯ 0.4 ϫ 10 Ϫ 5 min Ϫ 1 pM Ϫ 1 ( P ϭ 0.005). Average insulin secretion rates adjusted for S I over the glucose interval 5-11 mmol/liter were increased by 52% ( P ϭ 0.02), and the ability of the ␤ cell to entrain to an exogenous oscillatory glucose infusion, as evaluated by analysis of spectral power, was improved by 49% ( P ϭ 0.04). No significant changes in these parameters were demonstrated in the placebo group. In addition to increasing insulin sensitivity, we demonstrate that troglitazone improves the reduced ␤ cell response to glucose characteristic of subjects with IGT. This appears to be an important factor in the observed improvement in glucose tolerance. ( J. Clin. Invest. 1997. 100: 530-537.)
Introduction

Impaired glucose tolerance (IGT)
1 is a condition associated with elevations in the plasma glucose concentration above 7.8 mmol/liter 120 min after ingestion of a 75-g glucose load (standard oral glucose tolerance test). Although greater than normal, these concentrations are not sufficiently elevated to meet the criteria established for the diagnosis of diabetes (1) . In view of the high proportion of subjects with IGT that go on to develop overt diabetes (2) , however, it may be considered a prediabetic condition. For this reason there is considerable interest in exploring therapeutic approaches that will reduce the risk of diabetes in subjects with IGT. A large prospective multicenter study in the United States, the Diabetes Prevention Program, is examining this question.
From a pathophysiologic standpoint, IGT is characterized by the presence of insulin resistance (3) (4) (5) (6) , and as we and others have demonstrated, subtle defects in ␤ cell function (7) (8) (9) . These latter defects consist of a relative inability to detect and respond to small changes in the plasma glucose concentration induced by oscillatory infusions of exogenous glucose and mild shifts to the right in the dose-response curves relating the plasma glucose concentration to the insulin secretion rate (8, 9) . It has been demonstrated previously that a number of therapeutic interventions can improve glucose tolerance in subjects with IGT, including weight loss (10, 11) , treatment with sulfonylureas (11, 12) , the biguanide drug metformin (13, 14) , and more recently the thiazolidinediones (15) (16) (17) . Thiazolidinediones have been proposed to act primarily as insulin sensitizers since they improve hepatic and peripheral insulin resistance and lower triglycerides and free fatty acids (15, (17) (18) (19) (20) . Although the thiazolidinediones do not appear to be insulin secretagogues (21) , we have observed in the Zucker diabetic fatty rat, an animal model of non-insulin-dependent diabetes mellitus (NIDDM), that if administered before the onset of diabetes, these drugs can prevent the deterioration in ␤ cell function that is associated with overt disease (22, 23) . Whether such beneficial effects on ␤ cell function occur in humans has not been determined. The present study was therefore undertaken to determine whether treatment of subjects who have IGT or mild diabetes with troglitazone would affect the underlying defects in ␤ cell function.
Methods
Subjects
The study design was that of a double blind, placebo-controlled clinical trial in which two subjects were assigned to treatment with troglitazone for every one subject treated with placebo. Randomization was performed by Parke-Davis Pharmaceutical Research Division, Warner Lambert Co. (Ann Arbor, MI), who kindly provided the study medication and placebo. The groups were well matched for age, degree of obesity, and extent of glucose intolerance (for all compari-sons, P ϭ NS). At entry, fasting plasma glucose concentrations (5.6 Ϯ 0.2 vs. 5.4 Ϯ 0.2 mmol/liter, P ϭ NS) and glycosylated hemoglobin concentrations (6.4 Ϯ 0.3 vs. 6.0 Ϯ 0.2%, P ϭ NS) were similar in the troglitazone and placebo groups. All subjects were at least 20% above ideal body weight, and none of the subjects was receiving current treatment for diabetes. 26 subjects enrolled in the study. Three subjects withdrew because they were unable to return for the physiological testing on treatment, and two subjects in the placebo group withdrew because they developed symptoms of headache and diarrhea that they assumed were due to active drug. 21 subjects therefore completed the study, and their clinical characteristics are shown in Table I . All subjects had normal fasting glucose levels and met World Health Organization criteria for IGT or mild diabetes after a 75-g oral glucose tolerance test (1) . The study protocol was approved by the Institutional Review Board at the University of Chicago, and all subjects gave written informed consent.
Study protocols
All subjects underwent four separate protocols designed to test changes in glucose tolerance, insulin secretion, and insulin action before and after 12 wk of treatment with either troglitazone, 400 mg orally per d, or placebo. Subjects were asked to maintain a consistent diet and activity level throughout the study. Non-study medications were kept at a constant dose. Subjects were questioned for adverse effects by telephone, and hepatic and hematologic profiles were monitored at 6 and 12 wk. Compliance, as assessed by pill counting, was 96% in the troglitazone group and 98% in the placebo group, P ϭ NS. All studies were performed in the Clinical Research Center at the University of Chicago after an overnight fast with the subjects in the recumbent position. Intravenous cannulas were placed in a forearm vein for blood withdrawal, and the forearm was warmed to arterialize the venous sample. When necessary, a second catheter was placed for administration of glucose, insulin, or tolbutamide as described below.
Oral glucose tolerance test. Glucose and insulin concentrations were measured in plasma and serum respectively before and every 30 min for 180 min after ingestion of 75 g of glucose.
Frequently sampled intravenous glucose tolerance test (FSIVGTT). To define insulin sensitivity and the acute insulin response to glucose as described by Bergman (24) , glucose and insulin concentrations were measured after an intravenous bolus of glucose (300 mg/kg) followed 20 min later by a bolus of tolbutamide (125 mg/m 2 ; Pharmacia, Piscataway, NJ, and Upjohn, Kalamazoo, MI). Two subjects did not receive tolbutamide because of a history of sulfa allergy.
Graded glucose infusion. To define the insulin secretory response to an increasing plasma glucose concentration, subjects received graded intravenous infusions of glucose at progressively increasing rates (1, 2, 3, 4, 6, and 8 mg/kg per min) as we have previously described (25, 26) . Each glucose infusion rate was administered for a total of 40 min. Glucose, insulin, and C-peptide levels were measured at 10-min intervals during a 40-min baseline period and throughout the 240-min glucose infusion. This protocol raised the plasma glucose concentration from basal to mildly hyperglycemic levels. If the fasting glucose level was greater than 5 mmol/liter, a small dose of insulin (0.007 U/ kg, followed by a low-dose continuous infusion) was administered intravenously to lower the glucose to 5 mmol/liter, an intervention designed to ensure consistent basal glucose levels at the start of the study. We have previously shown that this small dose of insulin does not interfere with the subsequent insulin secretory response (25) . The exogenous insulin was allowed to decay for 20 min before the above protocol was started.
Oscillatory glucose infusion. This protocol was performed immediately after the graded glucose infusion as previously described and is designed to determine if the ␤ cell can detect and respond appropriately to oscillations in the plasma glucose concentration (27). Dextrose (20% solution) was infused intravenously in an oscillatory pattern for 16 h by a computer-directed infusion pump at an average rate of 6 mg/kg per min. The computer was programmed to deliver the glucose in an oscillatory pattern with a period of 144 min and an amplitude of 33% above and below the average infusion rate. After initiation of the glucose infusion, 4 h was allowed for equilibration of glucose levels during which time blood samples were not collected. Thereafter, sampling occurred at 15-min intervals during the final 12 h of the study for measurement of glucose, C-peptide, and insulin.
Assays
Insulin levels were measured in serum by a double antibody technique (28). The lower limit of detection was 20 pmol/liter, and the average intra-assay coefficient of variation was 6%. C-peptide levels were assayed on plasma (29), with a lower detection limit of 0.02 pmol/liter and intraassay coefficient of variation of 6%. Plasma glucose was measured with the glucose oxidase technique using a YSI analyzer (Yellow Springs Instruments, Yellow Springs, OH). This assay has a coefficient of variation of less than 2%. Glycosylated hemoglobin was measured by boronate affinity chromatography with an intraassay coefficient of variation of 4% (BioRad, Hercules, CA).
Study endpoints and data analysis
Insulin secretion rates. Standard kinetic parameters for C-peptide clearance adjusted for age, sex, and body surface area were used (30) . These parameters were used to derive the insulin secretion rate (ISR) from the plasma C-peptide concentrations by deconvolution as previously described, in each 10-or 15-min interval between blood sampling (31, 32) .
Glucose tolerance. Primary endpoints for the oral glucose tolerance test were fasting and 2-h glucose and insulin levels, and 180-min area under the curve (AUC) for glucose and insulin. AUC was calculated using the trapezoidal rule. Glycosylated hemoglobin was also measured before and after treatment.
Insulin sensitivity and secretion during frequently sampled intravenous glucose tolerance tests. Minimal model analysis of the data was used to derive the insulin sensitivity index, S I (calculated by the MIN-MOD computer program kindly provided by Dr. Richard Bergman). The acute insulin response to glucose (AIR Gluc ), a measure of ␤ cell function, was calculated as the average increment of the insulin response over baseline from 2 to 10 min. To quantify insulin secretion independently of changes in insulin sensitivity, the product of AIR Gluc ϫ S I , the "disposition index," was also calculated as previously described (33, 34) .
Relationship between glucose and insulin secretion during graded glucose infusions. These relationships were explored by analyzing the data from the graded glucose infusion studies. Baseline glucose, insulin, C-peptide, and ISRs were calculated as the mean of the values in the Ϫ 30, Ϫ 20, Ϫ 10, and 0-min samples. ISRs and glucose concentrations used in the analysis represented the average of the values between 10 and 40 min at each glucose infusion rate. Mean ISR for each glucose infusion rate was then plotted against the corresponding mean glucose concentration to define the dose-response relationship. From the slope of the line describing this relationship, the average ISR over each 1 mmol/liter glucose interval from 5 to 11 mmol/liter was then calculated. As above, to represent ␤ cell function independently of insulin sensitivity, average ISR was then adjusted by multiplying ISR by S I . Spectral analysis for oscillatory glucose infusions. Each individual ISR and glucose profile from the oscillatory glucose infusion protocol was submitted to spectral analysis to investigate whether the oscillations were entrainable as previously reported (27). Each spectrum was normalized assuming the total variance of each series to be 100% and is expressed as the normalized spectral power. Each series was detrended with the first difference filter before spectral estimates were calculated using a Tukey window of 24 data points as described by Jenkins and Watts (35) .
Statistical analyses. All results are expressed as means Ϯ SEM. The summary measures of insulin secretion and sensitivity listed above were compared within the troglitazone and placebo groups before and after treatment using the paired two-tailed t test. The statistical significance of differences was assessed at the 5% level.
Results
Clinical parameters and glycosylated hemoglobin (Table II).
Degree of obesity as judged by the body mass index and body fat distribution as judged by the waist-hip ratio were not different in the two groups and did not change significantly in either group over the duration of the study. Glycosylated hemoglobin values, which were within the normal range for our laboratory (4.5-7.2%) at the start of the study, decreased significantly in the troglitazone-treated group (6.4 Ϯ 0.3 to 6.0 Ϯ 0.3, P ϭ 0.01), but did not change in the placebo group (6.0 Ϯ 0.2 vs. 5.9 Ϯ 0.1, P ϭ NS).
Oral glucose tolerance test (Fig. 1 and Table II) . Fasting glucose values did not differ before and after treatment in the troglitazone group (5.6 Ϯ 0.2 vs. 5.6 Ϯ 0.2 mmol/liter, P ϭ NS) or in the placebo group (5.4 Ϯ 0.2 vs 5.6 Ϯ 0.3, P ϭ 0.5% NS). The AUC for glucose was reduced by 10% in the troglitazone group ( P ϭ 0.03) and did not change in the placebo-treated group.
Fasting ( P ϭ 0.04) and 2-h insulin values ( P ϭ 0.001) fell significantly in the troglitazone group and did not change in the placebo group (Table II) . The total insulin response to glucose as judged by the area under the insulin concentration curve for 180 min after glucose ingestion fell by 39% in the troglitazone treatment group (P ϭ 0.03) and did not change in the placebo group.
Frequently sampled intravenous glucose tolerance test. The insulin sensitivity index (S I ) improved significantly in the troglitazone group (1.3Ϯ0.3 to 2.6Ϯ0.4 [ϫ10
], P ϭ 0.005) and did not change in the placebo group (2.0Ϯ0.3 to 1.9Ϯ0.4, P ϭ NS) as summarized in Table II . Although absolute differences in AIR Gluc were not observed, the product of AIR Gluc and S I , i.e., the disposition index, improved significantly in the troglitazone group (P ϭ 0.04). This reflects a relative increase in insulin response when insulin sensitivity is accounted for.
Relationship between glucose and ISR during graded glucose infusion (Figs. 2 and 3) . The responses in glucose and ISR in the two groups at the beginning and end of the study are shown in Fig. 2 . In this protocol glucose concentrations increased from 5.0Ϯ0.1 mmol/liter at baseline to 13.4Ϯ0.6 at the The relationship between glucose and ISR throughout the infusion protocol is presented in Fig. 3 . As shown, these relationships did not change after treatment when glucose is plotted against ISR (Fig. 3, A and C) . However, since insulin sensitivity changed after treatment with troglitazone, the insulin secretion rates were adjusted for this change, as shown in Fig. 3 , B and D. After this adjustment, the relationship between glucose and the insulin secretion rate did not change in the pla- cebo group. However, in the troglitazone treated group (B), the insulin secretory response across a broad range of glucose concentrations, when adjusted for the improvement in insulin sensitivity, increased. Adjusted insulin secretion rates over the interval 5 to 11 mmol/liter were increased by 52% in the troglitazone group (4,456Ϯ598 vs. 6,781Ϯ1,065 pmol/min (ϫ 10
), P ϭ 0.02) but not in the placebo group (6,534Ϯ633 vs. 5,729Ϯ643, P ϭ NS), signifying the enhanced ability of the ␤ cell to respond to a glucose stimulus over a physiologic range of glucose. This improvement is reflected as the steeper dose-response curve of glucose and insulin secretion shown in Fig. 3 B. Relationship between glucose and ISR during oscillatory glucose infusion (Figs. 4 and 5) . Representative examples of the profiles of glucose and ISR during the oscillatory glucose infusion protocol are in Figs. 4 and 5 and the results are summarized in Table II . The average glucose levels during these protocols did not change in either the troglitazone (11.0Ϯ0.6 to 10.3Ϯ0.6 mmol/liter, P ϭ NS) or placebo groups (11.1Ϯ0.9 to 10.8Ϯ0.9, P ϭ NS) over the duration of the study. On the other hand, the average ISR was significantly lower in the troglitazone group (673Ϯ44 to 605Ϯ38 pmol/min, P ϭ 0.03) at an unchanged glucose concentration but not different in the placebo group (691Ϯ88 to 680Ϯ98, P ϭ NS). This lowered insulin secretion rate is expected in view of the improvement in insulin sensitivity due to troglitazone treatment. After adjustment for the change in insulin sensitivity, an increase in insulin secretion was observed in the troglitazone-treated group (1,001Ϯ121 to 1,465Ϯ195 pmol/min (ϫ10
), P ϭ 0.03) and no change was seen in the placebo group (1,464Ϯ160 to 1,359Ϯ199, P ϭ NS).
The example in Fig. 4 shows that following troglitazone treatment, insulin secretory responses to the oscillations in plasma glucose were enhanced resulting in a greater degree of entrainment of insulin secretion by glucose. This was not seen in the placebo treated group (see example in Fig. 5 ). The effect was quantified by comparing the normalized spectral power of the insulin secretory profiles. The ability of the ␤ cell to entrain to an exogenous oscillatory glucose infusion was improved by troglitazone, as measured by normalized spectral power at 144 min in the treatment group (5.9Ϯ1.2 to 8.8Ϯ1.3, P ϭ 0.04) and was unchanged by the placebo (5.8Ϯ1.8 to 5.8Ϯ1.9, P ϭ NS). 
Discussion
Subjects with impaired glucose tolerance have a high rate of progression to overt diabetes (2) . IGT can therefore be viewed as a prediabetic state in which defects in both insulin secretion and insulin action, the characteristic features of NIDDM (36) (37) (38) (39) , are already well established. Although drug treatment of IGT is not currently recommended, a major multicenter NIH trial is currently underway to determine whether intensive changes in lifestyle or treatment with metformin or troglitazone will slow the rate of progression to overt diabetes in these subjects. Previous studies in obese diabetic and nondiabetic humans have demonstrated improvements in insulin resistance, overall glucose tolerance, and associated metabolic parameters such as triglycerides and free fatty acids (15-17, 20, 40) with troglitazone. The possibility, however, that beneficial effects on insulin secretion associated with troglitazone treatment contribute to the therapeutic effect of these agents has not been examined. The present study was undertaken to address this issue.
We confirmed the observations of others (15-17) that troglitazone improves oral glucose tolerance and insulin sensitivity. Troglitazone-treated subjects demonstrated a significant reduction in glycemic excursion after oral glucose challenge despite significantly lower insulin levels. Glycohemoglobin values, although normal at baseline, were reduced further. Insulin sensitivity improved, as demonstrated by reduced fasting insulin and a substantial increase in S I by the FSIVGTT.
We also demonstrated improvements in the ability of the ␤ cell to respond to glucose in the troglitazone-treated subjects, an effect previously observed only in an animal model of diabetes, the Zucker diabetic fatty rat (21) (22) (23) . This effect was seen during graded and oscillatory glucose infusions. The graded glucose infusion studies define incremental increases in ISR over a standard range of glucose concentrations that correspond to typical postprandial glucose levels. The glucose-ISR dose response curve allows us to examine ␤ cell glucose responsiveness at each level of glucose. After adjustment of the insulin secretion rates for the observed changes in insulin sensitivity, insulin secretion at each level of glucose was greatly enhanced, resulting in a steeper dose-response curve, indicative of improved ␤ cell glucose responsiveness. The oscillatory glucose infusion tests the ability of the ␤ cell to increase and decrease insulin secretion rapidly in response to parallel changes in plasma glucose, a function requiring intact glucose sensing ability. We have used this protocol previously to document the presence of ␤ cell dysfunction in subjects with even mild degrees of glucose intolerance (9, 21) . The present study demonstrates that treatment with troglitazone significantly improves the ability of the ␤ cell to sense changes in plasma glucose as quantified by normalized spectral power.
The analyses that lead us to conclude that troglitazone treatment results in improved beta cell function deserve further comment. We have previously demonstrated that subjects with IGT, when compared to subjects with normal glucose tolerance who are similarly insulin resistant, are characterized by a decrease in the insulin secretory response during a graded glucose infusion and IVGTT (9, 41) . Thus, in this study, we have expressed measures of insulin secretion in relation to the degree of ambient insulin sensitivity. This adjustment, originally proposed by Bergman (33) as the disposition index, has been subsequently applied to several study populations (34, 42, 43) . Kahn and others (34) have extended this observation by demonstrating a hyperbolic relationship between insulin secretion and sensitivity in a cross-sectional study of normal subjects: with increasing insulin resistance, insulin secretion must rise to maintain stable glucose tolerance. In this study, insulin secretion fell to a lesser extent than would be predicted by this hyperbolic relationship. We interpret this as a relative improvement in ␤ cell function that likely contributed to the observed improvement in glucose tolerance. Finally, the enhanced ability to entrain insulin secretion during an oscillatory glucose infusion provides independent confirmation that ␤ cell function has improved, using a measure that does not rely on adjustment for changes in insulin sensitivity nor assumes a specific mathematical relationship between insulin secretion and insulin sensitivity.
Thus our results indicate that in addition to enhanced insulin sensitivity, treatment with troglitazone also improves the early ␤ cell dysfunction that occurs in subjects with glucose intolerance. A number of possible mechanisms should be considered as being responsible for this therapeutic benefit, including elimination of ␤ cell glucotoxicity, improvements in insulin resistance and/or lipid parameters, and previously undocumented effects of troglitazone on the ␤ cell.
It has been well documented that a reduction in the plasma glucose concentration in subjects with overt hyperglycemia improves the ability of the ␤ cell to respond to a subsequent glucose stimulus (44) (45) (46) . This has lead to the concept of glucotoxicity, i.e., that prolonged hyperglycemia per se adversely affects ␤ cell function (47) (48) (49) . This mechanism is highly unlikely as an explanation for our findings since the subjects in this study were not overtly hyperglycemic; fasting plasma glucose and glycohemoglobin concentrations were within the normal range. Although mild hyperglycemia was seen after glucose challenge, we are unaware of any reports linking such modest alterations in glucose to ␤ cell glucotoxicity.
Improvements in insulin resistance with reductions in the degree of compensatory hyperinsulinemia by troglitazone could certainly have contributed to the improvement in ␤ cell glucose responsiveness, although the mechanisms involved are uncertain. Chronic compensatory hypersecretion of insulin is an integral feature of insulin resistant states. In certain individuals, failure of ␤ cell compensation occurs over time leading to eventual increases in the plasma glucose concentration and the onset of overt diabetes. Although measures to reduce insulin resistance such as increased physical activity (50, 51) and weight loss (10) have been demonstrated to reduce the risk of diabetes in insulin resistant individuals, it has not, to our knowledge, been demonstrated previously that specific protection of ␤ cell function may be involved in mediating the reduction in diabetes risk. The present study, however, taken in combination with our studies in the rat (22, 23) , suggest that amelioration of insulin resistance with troglitazone and related thiazolidinediones may protect ␤ cell function.
Another possible mechanism for improved ␤ cell function in subjects treated with troglitazone relates to the effects of this agent on lipid parameters, most notably triglycerides and free fatty acids. Unfortunately, neither of these metabolites was measured in the present study, although a reduction of both in response to troglitazone treatment has been consistently documented in animal and human studies (17) (18) (19) . The effects of free fatty acids on insulin secretion are complex (52, 53) . Under certain circumstances (e.g., during fasting) they can stimulate and maintain insulin secretion (54) . However, there is also increasing evidence that prolonged exposure of the ␤ cell to increased concentrations of triglycerides and free fatty acids may result in adverse effects on ␤ cell function in much the same manner as do prolonged elevations of plasma glucose, although by different mechanisms (55) (56) (57) . Troglitazoneinduced reductions in triglycerides and free fatty acids could therefore be responsible for the enhancement in insulin secretion observed in the present study.
Peroxisome proliferator-activated receptor gamma (PPAR␥) is a nuclear hormone receptor expressed predominantly in adipose tissue, where it plays a central role in the control of adipocyte differentiation and gene expression (58) (59) (60) (61) . PPAR␥ is expressed in other tissues as well (58) . Since thiazolidinediones are selective ligands for PPAR␥ (62) , the possibility that the effects of troglitazone may be related directly or indirectly to increases in the rate of transcription of genes involved in insulin secretion needs to be considered in light of the present findings.
In summary, we confirm previous observations that administration of troglitazone to patients with IGT leads to an improvement in the level of glucose tolerance and a reduction in the severity of the insulin resistance. We have also demonstrated that troglitazone treatment leads to an enhanced ability of the ␤ cell to respond to glucose. Taken together, these results suggest that administration of troglitazone to subjects with impaired glucose tolerance may arrest or slow the pathophysiologic mechanisms which underlie the progression from IGT to frank diabetes and provide a mechanistic framework to study their use in the prevention of NIDDM.
